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Summary

Sea-urchin sperm flagella in a state of rigor were was more evident when the rapid reactivation was
reactivated by rapid photolysis of caged ATP. After atime triggered in high-viscosity solution, in which only the form
lag of 11-17ms, all bends in the axonemes present during of new bends was greatly affected by viscous load. After
rigor began to be propagated towards the tip as if their reactivation, the velocity of microtubule sliding increased
propagation had not been interrupted. This result suggests and reached a plateau within 28 ms. This time course
that the site-specific activity of dyneins along the length of reflects the rate of force generation by dyneiin situ.
the axoneme is preserved even during rigor states when
ATP is absent and that regulation of the activity can be
restarted immediately with a new cycle of ATP turnover. Key words: sea-urchin, spermatozoon, flagellum, motility, dynein,
During the starting transient, pre-existing rigor waves in  caged ATP, axoneme, bend initiation, bend propagation, microtubule
the distal region were propagated without a change in the sliding, presteady-state kinetics, viscous loadnthocidaris
maximal shear angle until they disappeared at the tip. This crassispina

Introduction

Bending in eukaryotic flagella results from active slidingaxonemes with rigor waves (Gibbons and Gibbons, 4974
between axonemal microtubules caused by the force exertegbre reactivated by rapid photolysis of caged ATP, and the
during ATP hydrolysis by dynein (Gibbons and Rowe, 1965subsequent changes in the waveforms were analyzed in detail.
Satir, 1968; Summers and Gibbons, 1971; Shinggbjal.  Such experiments are expected to provide insight into the
1977; Brokaw, 1989). However, the mechanism regulatinghemo-mechanical coupling of dynein arms, since all dynein
bend initiation and propagation is not clearly understood. IRyms in ATP-depleted medium are thought to be in a state of
flagella with planar bends, regular alternation of active slidingigor (Gibbons and Gibbons, 1994 and capable of
is thought to occur between the two halves of the axonemggctivation in a synchronized manner.
accompanied by a passive retrograde sliding on the oppositege,era| investigators have described such experiments, for

§ide of the axoneme, since active sl!ding by dynein arms OCCUE ample, by the rapid local application of ATP to axonemes
in one direction only (Sale and Satir, 1977). in rigor using an iontophoretic technique (Shingyegial.

motilty. 1 necessary 10 understand how the local aciy of &77) O bY homogeneous application of ATP by perfusion
Y, Y Y Goldstein, 1979). In the present study, a synchronous and

ATP d the slidi f microtubul lated in th .
ase an © Suding of micretibuies are reguiated in ﬂs)mogeneous application of ATP to the whole length of an

between the beat frequency of reactivated flagella and ATE<CN€ME in rigor was achieved using the technique of rapid
concentration shows a good fit to the Michaelis—Mentefhotolysis of caged ATP (Kapleet al. 1978; McCrayet al.
equation and that an estimated average of 1-2 ATP molecul2§80; Goldmaret al. 1982; Woolley and Bozkurt, 1995).
are hydrolyzed per dynein arm during a single beat cycl®nce reactivated, the starting transient of angular changes in
(Brokaw and Benedict, 1968; Gibbons and Gibbons, 1972§igor bends was analyzed in detail. This method also enabled
However, the exact region of active sliding within beatingus to estimate the time course of the increase in the
flagella has yet to be identified, and it is not clear whicteoncentration of active dynein moleculissitu, which is
intermediate state during ATPase activity is involved in forcémportant for an understanding of the presteady-state
generation by dynein. kinetics and chemo-mechanical coupling of dyneins
To examine these problems more closely, tritonatedJohnson, 1985).
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Materials and methods axonemes in a high-viscosity solution, since the abrupt
Preparation of demembranated sperm flagella removal of ATP was not possible by perfusion.
Spermatozoa from the sea-urchimthocidaris crassispina
were demembranated as described by Gibboais(1982), with Experimental system

some modifications. Dry spermatozoa taken from the isolated All the optical components of the microscope were aligned
gonad of the sea-urchin were suspended in 10 volumes of filteredrizontally on an optical bench (Visolator, Meiritsu Seiki,
natural sea water. The suspension was mixed with 10 volum&®kohama, Japan) (Fig. 1). A 100W mercury arc lamp (Ul-
of extracting solution containing 0.04% (w/v) Triton X-100, 100, Ushio Electric Inc., Tokyo, Japan) was used as an
0.2mol ! potassium acetate, 2mmdiIMgClz, 0.5mmolt?  ultraviolet source for the photolysis of caged ATP. The
EGTA, 0.1 mmolt EDTA, 2mmol 1 dithiothreitol (DTT) and  electromagnetic shutter (model no. 0, Copal, Tokyo, Japan) and
10mmol i1 Tris—HCI (pH 8.0). The mixture was gently swirled filters (U-330 and UV-300, HOYA Optics, Tokyo, Japan) were
for 30-60s at room temperature (25°C). After extraction, the@laced between the arc lamp and a dichroic mirror (Asahi
suspension of demembranated sperm axonemes was introdu&mkctra Co., Tokyo, Japan). The axonemes were irradiated with
into a flow chamber constructed by placing a coverslip treatedltraviolet light under Koehler illumination conditions through
with dimethyldichlorosilane (Wako Pure Chemical, Osakathe objective lens (D-Apo UV 160 Olympus, Tokyo, Japan).
Japan) onto a trough made from two pieces of Scotch tagéne irradiated area was approximately ilb0in diameter. The
(50um thick) glued in parallel 5mm apart on a glass slideslectromagnetic shutter was open for 10 ms. The percentage of
(76 mmx26 mnmx0.9mm). Reactivation solution containing photolysed caged ATP present in the solution after one
0.2mol ! potassium acetate, 2mmdiIMgClz, 0.5mmoltl  ultraviolet pulse was estimated from the beat frequency of
EGTA, 0.1mmoltl! EDTA, 4mmolfl DTT, 20mmoltl  reactivated flagellar axonemes to be approximately 40 %.
Hepes—KOH (pH8.0) and 0.2% (w/v) bovine serum albumirFlagellar axonemes were observed under dark-field
(BSA, A-0281, Sigma Chemical Co., St Louis, USA) withoutillumination. The light source for the dark-field illumination
ATP was perfused through the chamber several times to waslas a 50 W tungsten—halogen lamp (from Optiphot-2, Nikon,
out the extracting solution. The concentration of BSA in theTokyo, Japan). To reduce ultraviolet light from the
reactivation solution was adjusted so that only the head regidangsten—halogen lamp, sharp cut-off filters (SC 50, Fuji Photo
of the spermatozoon was loosely attached to the glass surfaédm Corp., Tokyo, Japan) were placed in the light path between
The reactivation solution containing caged ATP (lot CLO02the lamp and an oil-immersion dark-field condenser (DC,
Dojindo, Kumamoto, Japan) and 0.4mghapyrase (grade Olympus, Tokyo, Japan). The movement of flagellar axonemes
VII, Sigma Chemical Co., St Louis, USA) was then introducedvas recorded with a CCD camera (XC-73, Sony, Tokyo,
into the chamber. Apyrase was used to remove contaminatidgpan). An optical chopper driven by a stepping motor (PH 533
ATP and/or ADP from caged ATP. NA, Oriental Motor Corp., Tokyo, Japan) was put at the
In addition to apyrase, 0.25iui1 hexokinase (Grade I, Lamsden disc of the eyepiece to record multiple images
Oriental Yeast Co., Osaka, Japan) and 0.1 mrhalucose superimposed in each CCD image field. The rotation speed of
were added as an ATP-scavenger system to induce rigor-wathe motor was controlled by horizontally synchronizing pulses

—
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Pulse
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Fig. 1. A schematic diagram of the experimental chopper

system. All optical components are aligned on an
optical bench. Vertically synchronizing pulses (V-sync
pulse, 60Hz) and horizontally synchronizing pulses
(H-sync pulse, 15750Hz) from the CCD camera are
introduced into a pulse controller to generate pulses

CCD
camera

Dichroi
which control the rotation of the optical chopper and Eyepiece m|i<r:rc§:)|c Dark field

the opening of the electromagnetic shutter, condenser halogen lamp
respectively. See text for further details.

Tungsten
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from the CCD camera so that the chopping rate wawas calculated whemAt=1ms and n=10. The maximal
synchronized with the video rate. A chopping rate of up ta@oncentration of photoreleased ATP was estimated from the beat
600Hz was used (1-10 superimposed images per each fielffequency of reactivated spermatozoa. The change in ATP
The opening of the electromagnetic shutter for the photolysisoncentration in the reactivation solution was estimated, as
of caged ATP was triggered by a vertically synchronizing pulsehown in Fig. 2, from the measured time course of transmission
from the CCD camera. The opening time of the electromagnetithange at 406 nm. The ATP concentration was expected to
shutter was always adjusted to coincide with the appearance @fceed a threshold level for the reactivation of motility within a
the first image superimposed in the video field. Multiplefew milliseconds and reached 90% of the maximal level in
superimposed images of flagella were recorded on Hi-8 videt00 ms when 2 mmot} caged ATP was used.
tapes using a video cassette recorder (EV-S1500 NTSC, Sony,
Tokyo, Japan). During experiments, only spermatozoa whose Data analysis
beating plane was perpendicular to the optical axis were usedRecorded video images were fed into a personal computer
for further analyses. All experiments were carried out at roonfPower Macintosh 7600/120, Apple Computer Inc.) field by
temperature (25°C). field for further analyses. In the digitized image, 10 pixels
corresponded to Oiin. The axes of the flagellar images and
Estimation of photo-released ATP concentration in the  those of sperm heads were manually traced using the drawing
reactivation solution software Canvas (ver. 2.1, Deneva Software). The traced
The time course of ATP release from caged ATP was inferreithages were then enlarged 2-3 times and transformed into a
from the rate of change of the characteristic transmission igeries of plots on ax-y plane using image-processing software
406 nm light (McCrayet al. 1980), which was monitored using (NIH Image, ver. 1.6/ppc). The-y position of each divided
the same optical system and a photodiode (S 1557, Hamamatagment of the axoneme (0.1 in length) was then
Photonics Co., Hamamatsu, Japan). The first 10ms afetermined from the base of the tail to its tip along the axoneme.
transmission could not be recorded because of the exceBbe shear angle, the angle between the flagellar shaft and the
ultraviolet used for photolysis and was, therefore, calculated bgxis of the sperm head, was then calculated fronx-thelata
the temporal summation of the transmission change recordéok each segment. The accuracy of these procedures was
with 1 ms ultraviolet pulses. Upon ultraviolet pulse applicationchecked using standard images of circles with curvatures
transmission suddenly decreased and then increased
exponentially with a rate constant of 35:6at 25°C. The ATP
concentration curve after a 10 ms ultraviolet pulse was estimatt A
as follows. The 10ms duration of the ultraviolet pulse was
divided into a numbemj of short durationg)t. The fraction of ~ Rigor-wave ® SER
total photoreleased ATP at tinhés given by the summation of :

[1-e735.618] for an integeri from O to 10, wheréAt<t and ~ Ultraviolet .\f\

time O was taken as the time of starting the photolysis. The vali Pulse
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0 L L L Fig. 3. Multiple superimposed dark-field images of demembranated
0 S0 _100 150 200 sea-urchin sperm flagellar axonemes. (A,B) Flagella before and after
[ Time (ms) the application of ATP by the rapid photolysis of 2 mmbldaged
UV pulse (10 ms) ATP. (C) Flagellum showing continuous beating. Exposure

frequency was 180% so that three images of flagella are
Fig. 2. Estimated photoreleased ATP concentration after thsuperimposed onto each video field. Three successive fields are
ultraviolet pulse. The rate constant was measured by the method aligned from the top. For A and B, the first field shows rigor waves.
McCray et al. (1980), with some modifications. The transmission of The ultraviolet pulse was synchronized with the first image in the
light at 406 nm was measured after a 1 ms pulse of ultraviolet ligtsecond field. Because of the time lag, reactivation was started from
for photolysis of 50 mmott caged ATP. See text for further details. the first image in the third field. Scale barspff
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similar to those of flagellar bends. The error in determinindg=ig. 2. Under the experimental conditions used, once
shear angles was shown to be within £0.08 rad. A series of sheaactivated by photolysis, axonemes continued steady-state
angles was plotted against position along the axoneme. Frdbeating for more than 1min. After washing out ATP by
these plots, designated as shear-curve plots, the peak-to-pgegkfusion, axonemes ceased beating, and the waveforms
amplitudes between the maximal shear angles on both sidesh#came frozen in a rigor state as described by Gibbons and
a bend were measured as bend angles. The velocity of int&ibbons (1974). These rigor waveforms remained unchanged
doublet sliding of each axonemal segment along the flagellufior at least 30min in the presence of caged ATP. Such
was determined a\(t1)-A(t2)l/(t1—t2), whereA(t1) andA(tz)  reactivation and re-inactivation experiments could be repeated
are the shear angles of each segment at timand to, using a single demembranated spermatozoon. Fig. 3A,B shows
respectively. The time difference betwdeandt, was 5.6 ms.  dark-field images of flagellar axonemes before and after the
The rigor bends were classified as principal or reverse bends application of ultraviolet pulses in reactivation solution
the basis of the asymmetric distribution of the shear angles obntaining 2 mmol! caged ATP. Two typical cases where
the bends after reactivation with reference to the head axis. beating started from the principal bend (Fig. 3A) and from the
reverse bend (Fig.3B) at the basal region are shown.
Irrespective of the phase in the rigor wave, all the rigor bends

_ o _ Results _ in the axonemes were observed to propagate in almost the same
Rapid reactivation of rigor-wave axonemes induced by the manner upon reactivation. The repropagation of bends
photolysis of caged ATP occurred after a time lag of 11-17ms, but a longer delay

Using caged ATP, a suprathreshold ATP concentratiofapproximately 22 ms) was always observed in the initiation of
could be applied uniformly to demembranated spermnew bends at the basal region. No backward bend propagation
axonemes in rigor within a few milliseconds, as shown irwas observed. Thus, after the rapid application of ATP, rigor-

ke o
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w*
N

Fig. 4. Shear-curve transients after the rapid V3 4
reactivation of sea-urchin sperm flagella.
(A,B) Shear-curve plots obtained fro 1}
flagellar waveforms before and after the=
application of ATP. (C) Plots obtained fromg, 0.5y
flagellar waveforms of continuous beatingf 0 1
Since the exact angular direction at the ba@ -05 \

was obscured by excess light scatter from thg |
head, the origin of the abscissa does not -1} T 22 ms
represent the first basal segment of the 15
axoneme. In A and B, the curves obtained '
from the rigor waveform are shown as thick 2
lines, which correspond to the thick lines 151
shown on the spermatozoon on the right.
Flagellar shear curves (left) and traces of 1t
waveforms (right) at 17, 22 and 28 ms after 05!
the initiation of ultraviolet pulses are shown

as thin lines. In C, a series of flagellar shear 0
curves is shown at intervals of 5.5ms. The g5
thick curves correspond to the thick lines
shown on the traces on the right. See text for
further details. Arrows mark maximal shear -1.5 : : : : : : :
angles between developed (filled arrows) and 0 5 10 15 20 2 0 35
undeveloped (open arrows) bends. Position along flagellum (um)
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A 56 ms
50 ms
39 ms\
28 ms
— 17 ms

Fig. 5. Shear-curve transients obtainedg
from a  completely  straightened = 0 5 10 15 20 25 30
flagellum (A) and a partialy ©
straightened flagellum (B) after rapid
reactivation. The curves for rigor
axonemes are expressed as thick Iineé
which correspond to the thick lines
shown on the traces on the right.
Flagellar shear curves (left) and traces of
waveforms (right) at 17, 22, 28, 33, 39
and 44ms (for A and B) and also at 50
and 56ms (for A) after the start of
ultraviolet pulses are presented as thin
lines. The asterisk marks the maximum
shear angle of the proximal reverse
bend. See text for an explanation of the 0 5 10 15 20 25 30 35

arrows. Position along flagellum (mm)

33 ms 39 ms 44 ms

wave axonemes began to beat as if they had been beatingbends’. After the bend angle has fully increased, the bend is
steady state (Fig. 3C) without any pause. propagated towards the tip with its bend angle almost
unchanged, and bends in this phase will be termed ‘developed
Local angular change along the rigor-wave axonemes durinthends’.
the starting transients After rapid reactivation, the maximal shear angle between
For further detailed analyses, the transient of reactivationndeveloped bends in the rigor wave (indicated by open arrows
was examined using a shear-curve plot (Gibbons, 1982). The Fig. 4) began to increase. In contrast, those between the
shear curve represents the degree of local sliding between ttiistal developed bends (indicated by filled arrows in Fig. 4)
doublet microtubules when the bases of the axonemaémained unchanged or even decreased during propagation.
microtubules are fixed if there is no significant compression ofFhese characteristics of changes in the maximal shear angle at
extensibility of the microtubules and if axonemal twist isthe starting transients were essentially the same as those for
negligible. continuous beating (Fig. 4C).
Shear-curve plots of four successive dark-field images taken
during the starting transient (which correspond to the data in ~ Starting transients from straightened rigor axonemes
Fig. 3A,B, respectively) and the traces of superimposed When the rigor-wave axonemes were immersed in a solution
waveforms are shown in Fig. 4A,B. After a time lag ofof ATP at a subthreshold concentration, the axonemes
11-17ms, the shear angles of almost all regions along tlstraightened. When the straightened rigor axonemes was
axoneme began to change. A longer time lag was observedrafctivated in reactivation solution containing 2 mmbthged
the proximal region, as shown by the shorter distance betwe@&TP, rather slower and quite different starting transients were
the first two plots within 5m of the basal region in Fig. 4A,Bobserved compared with those of rigor-wave axonemes. Just
(lines 1 and 2). Peak positions of shear angle (indicated kfter the ultraviolet pulse application, a large principal bend in
filled arrows) were propagated towards the tip directiorthe distal region and a small reverse bend in the proximal region
concomitantly with the initiation of local angular changes. were formed prior to bend propagation (Fig. 5A). The shear
There are two types of bend along the axonemeangle in the proximal region gradually increased (indicated by
undeveloped bends and developed bends (Goldstein, 1976).drmows) concomitantly with the increasing shear angle in the
continuously beating sea-urchin sperm flagella, the amplitudepposite direction at the distal region. The peak position of
of the shear angle (bend angle) gradually increases during tpeoximal shear angle was not propagated towards the tip until
propagation of waves within approximately i@ of the base, the maximal shear angle in the opposite direction was fully
and bends within this phase will be termed ‘undevelopedeveloped at the base (asterisk in Fig. 5A).
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with a bend angle of up to 2.5rad during continuous beating in

200 A Fig. 4C). As shown in the traces in Fig. 5B, rapid repropagation
100 of bends was started while the elongated waveforms were
3 maintained. Although the bend angles and maximal shear
oL angles at the pre-existing distal bends were small (indicated by
v an open arrow in Fig. 5B), bends were propagated towards the
100 W tip with no increase in the bend angle and maximal shear angle

; (indicated by filled arrows in Fig. 5B).
200 Time course of the increase in the rate of tubule sliding after

0 5 100 15 20 25 30 35 the photolysis of caged ATP

The time course of the increase in the rate of tubule sliding
after the photolysis of 2mmofi caged ATP was estimated
from the rate of change in shear angle. As shown in Fig. 6A,
the maximal rate of shear gradually increased as the wave was
propagated towards the tip (filled arrows). In steady-state
beating, in comparison, the maximal rate of shear was almost
constant at any site along the axoneme (Fig. 6B, indicated by
filled arrows) except at the base, where the bend was being
developed, and at the tip, where the maximal shear angle was
somewhat larger than in other regions. From these data, time
courses of the increase in the maximal shear rate (except for

Rate of shear (rad s™1)

0 5 10 5 20 25 30 35

Position along flagellum (pm) the region within fum of the base and tip of the axoneme) were
300 plotted (Fig. 6C). The shear rate began to increase after a time
£ C lag of 11-17 ms after the ultraviolet pulse and reached a plateau
250F value (approximately 220rad$ within 28 ms. The plateau
C value corresponds to a maximal velocity of tubule sliding of
200F approximately 1iims1, providing that the sliding distance is
: 2 mmol -1 caged ATP given by ¢d, where ¢ is the local shear angle and
150;' (approximately 50nm) is the spacing between the pair of
100F tubules projected onto the beat plane. Beat frequency was
r approximately 30Hz when the shear rate reached the plateau
50E value. Given the time course of ATP release after photolysis
: 200 umol |* caged ATP (Fig. 2), ATP release from caged ATP was unlikely to have a
O'-ﬁl . . . L major rate-limiting effect on the time lag we observed.
0 25 50 75 100 When reactivation solution containing 20®olI1 caged
Time (ms) ATP was used, rather slower starting transients were observed.

Fig. 6. The increase in the rate of angular change after rapiiN® rigor waves were repropagated 17-22ms after the
reactivation. (A) The rate of angular change (shear) plotted againditraviolet pulse. The maximal rate of angular change within
the position along the axoneme. The first recording after rapid ATRN axoneme increased to reach a plateau level of approximately
application is shown as a thick line and the following three70rads? (estimated sliding velocity 3jEm s) within 33 ms.
recordings are shown as thin lines. Filled arrows indicate the

positions of the maximal rates on both the reverse and principal side€ffects of external viscous load on bend initiation and bend

of the bend. (B) The rate of angular change (shear) along the propagation after rapid reactivation

axoneme during steady-state beating. The maximum shear rate inEXternaI viscous load is known to affect the waveforms of

both the upward (principal side) and the downward (reverse sid% . . .
o . ating axonemes by altering the maximal shear angle and
direction were almost constant along the axoneme in any phase 0?

the beating cycle, except in the regions within approximatgiy 6f curvaFure (Brokaw, 1966, 1996). m the present paper, We
the end of the base and tip. (C) The maximal rate of angular chan§&@mined the effects of external viscous load on the rapid
(shear) measured in a 5435 region of the axoneme plotted against feactivation — of ~rigor axonemes by adding 2%
time after the start of the ultraviolet pulse (duration 10ms). Datanethylcellulose (M-0387, Sigma Chemical Co., 1500 mPas
from 2mmol ! caged ATP ©; N=3) and 20@molI-1 caged ATP  at 25°C) to the reactivation solution containing 2 mmbl |
(0J; N=3) are shown. Values are means and standard deviations. caged ATP. In Fig. 7A,B, typical starting transients of
rapidly reactivated axonemes in high-viscosity solution are
We also examined starting transients of reactivation fronshown. As expected, the rigor waves formed under high-
partially straightened rigor-wave axonemes, which containediscosity conditions were similar to those formed in the
rigor bends with a small bend angle of less than 1rad (comparedrmal reactivation solution at lower viscosity since the



Rapid reactivation of rigor-wave axonenigl99

Fig. 7. Starting transients after
reactivation by photolysis of
caged ATP under high-viscosity C
condition (1500 mPas at 25°C). .
Examples of the starting
transient when the sperm heads
were firmly attached to the glass
surface (A,B) and of the starting
transient when the
spermatozoon was swimming
freely (C) are shown. (D,E)
Flagella showing continuous
beating under high-viscosity [

condition (D, head attached; E, . . . . . . . .
swimming  freely).  Video .
= - . ’ 4 ~ 2 -

frames at intervals of 33ms in
series were aligned from left to -
right. In A, B and C, the first

frame shows the rigor waves. A
10ms ultraviolet pulse was

introduced at the second frame,
and subsequent reactivation is
shown in the following frames.

In B, straightened interbend
regions are indicated by open
arrows. Scale bars, 1.

waveforms in rigor axonemes are determined undethe bend initiation and bend propagation processes. As shown
conditions of extremely low ATP concentration, where then Fig. 7A,B, at the starting phase of reactivation, the
external viscous load has been shown to have little effect amdeveloped rigor bends began to change their form into those
waveform (Brokaw, 1975). As under conditions of normaltypical of steady-state beating under high-viscosity condition
viscosity, reactivation in high-viscosity fluid was observed(Fig. 7D). In contrast to the undeveloped bends, the fully
after a time lag of 11-17ms from the beginning of thedeveloped rigor bends were repropagated with their pre-
ultraviolet pulse, and all rigor bends in the axoneme werexisting forms almost unchanged until they disappeared at the
propagated only towards the tip. This result suggests that thip of the axoneme.
time lag before reactivation is not due to the external viscous Shear-curve plots during the starting transients also showed the
load, but reflects the kinetics of the rate of activation. Wheulifferent responses of rigor bends in proximal and distal regions
straightened rigor axonemes were rapidly reactivated und¢Fig. 8A,B). The maximal shear angle on the proximal side of
the same viscosity condition, axonemes were often observemideveloped rigor bends, or in newly formed bends, gradually
to break at the base before the bends were formed (data rintreased to approximately 2—2.5rad (indicated by open arrows
shown). in Fig. 8A,B), which is as high as the maximal shear angle
During the starting transient of reactivation under the higlobserved in steady-state beating under high-viscosity condition
viscous load, quite different responses were observed betweffig. 8C). In contrast, the maximal shear angles on both sides of
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Shear angle (rad)

Fig. 8. Shear-curve transients obtained from
reactivated rigor-wave sea-urchin sperm flagella
under high-viscosity conditions (A,B). (C)

Curves obtained from a flagellum showing

continuous beating. In A and B, the shear
curves of the rigor wave are shown as thick
lines, corresponding to the thick traces on the
right. A series of shear curves (left) and traces
of the waveforms (right) after the reactivation

are shown using thin lines. In C, the shear curve
with a thick line corresponds to the trace with a
thick line on the right. Curves and traces at ‘ ‘ ‘ ‘ ‘ ‘
intervals of 33ms are shown with thin lines. 0 5 10 15 20 25 30 35
See text for further details.

Position along flagellum (pm)

the fully developed rigor bend remained almost constant until thend propagated in sea-urchin sperm flagella in a state of rigor.
end of propagation (indicated by filled arrows in Fig. 8A,B).The advantage of using caged ATP is that the whole length of
Straight interbend regions became wider (indicated by arrows the flagellar axoneme can be simultaneously influenced by a
Fig. 7B) if the rapid reactivation was started from a rigor waveapid and homogeneous increase in ATP concentration, and
with an undeveloped principal bend at the basal region. Thidynein ATPase activity is expected to be initiated in a
interbend region is represented as a flattened plateau of shegnchronized manner, even in a high-viscosity solution. This
curves in Fig. 8B (filled arrows) and was not observed when thenabled us to examine the relationship between dynein ATPase
rapid reactivation was started from a rigor axoneme with anycling and the initiation of tubule sliding. The waveforms
undeveloped reverse bend at the basal region (Figs 7A, 8A). after photolysis of caged ATP were essentially the same as
Although these results were obtained from demembranatdtiose observed when the axonemes were slowly reactivated by
sperm flagella whose heads were firmly attached to a glaperfusion with an ATP-containing solution (Gibbons and
slide, the starting transients of freely swimming flagella weré&ibbons, 1974; Goldstein, 1979).
observed to be essentially similar (Fig. 7C, starting transient; Upon rapid reactivation by photolysis of caged ATP, the
Fig. 7E, steady-state beating). maximal rate of angular change, which corresponds to the
maximal velocity of tubule sliding in the axoneme, reached a
plateau value within 28 ms of the beginning of the ultraviolet
Discussion pulse when the estimated maximal ATP concentration was
Caged ATP was used to examine how bends were initiate@!8 mmol i1 (Fig. 6). This rate of onset of the power-stroke of



Rapid reactivation of rigor-wave axoneni&01

A On the basis of the reported kinetics of dynein ATPase

D Ko @ Ke ® Ko @) Ko (1) (Joh.nso.n, 1985), thg increase in sliding velocity after the rapid

Dynen+ATP 2= Dynein-ATP —%_ Dynein-ADP-P, —% Dynein-ADP —% Dynen+ADP application of ATP is assumed to reflect the presteady-state
Ku Ka Kas Ka dynein activity together with the start of a new cycle of ATP

hydrolysis. Under load-balanced condition, i.e. when the force
exerted by dynein is always balanced by a viscous or elastic
load, the observed velocity of tubule sliding should be
proportional to the sliding force. If this is the case in our
experiments, and the force exerted by the axoneme is assumed
to be proportional to the population of active dynein arms, we
can estimate a kinetic rate related to the power stroke from the
time course of the increasing velocity of tubule sliding. By
employing the kinetic rates reported previously from purified
Tetrahymen&2S dynein ATPase (Johnson, 1983; Porter and
Johnson, 1983; Holzbaur and Johnson, 498&e calculated
how the concentrations of dynein-ATP, dynein-ADPaRd
dynein-ADP changed. The calculation was carried out taking
into account the time course of the increase in ATP
concentration (Fig. 2). As shown in Fig. 9B, the estimated time
course of the increase in concentration of dynein-Ap&ng
25 50 ™ 100 dynein-ADP fitted well with the data obtained if the rate
constant of ADP release from dynein is increased to
8 approximately 2003, the rate previously reported from
r 2 /%’%\1 Lali biochemical analyses in the presence of microtubules (Omoto
10 ; i 1* and Johnson, 1986; Holzbaur and Johnson, 4;988imizuet
C w T\T al. 1989). The time course obtained at a lower concentration
C 4 of ATP (Fig. 9C, squares) also fitted well with the estimated
- time courses of [dynein-ADPJPand [dynein-ADP] when the
rate of ADP release from dynein was also accelerated. This is
the first estimation of the kinetics of force generation by dynein
in situ.
There are, however, several possibilities that would lead to
r an over- or underestimate of the rate of increase in the number
0 et of active dynein arms. First, the rate would be overestimated
if tubule sliding occurred under conditions of low loading,
0 25 50 S 100 where sliding velocity could reach a plateau earlier with a
Time (ms) lower number of active dynein arms since velocity is assumed
Fig. 9. Estimation of the increasing concentration of active dynein i#0 reflect the intrinsic stroke rate of dynein itself and not to
the axoneme. (A) A kinetic scheme of the elementary steps of dynefprrespond to the magnitude of exerted forces. In addition,
ATPase (Johnson, 1985). (B,C) Simulation of the increase icaged ATP has been reported to be a competitive inhibitor of
[dynein-ATP] (step 2), [dynein-ADP:P(step 3) and [dynein-ADP] ATP-driven sliding of actomyosin (Thirlweét al. 1995) and
(step 4) after the photolysis of 2mmdi(B) and 20umol It (C)  kinesin (Higuchiet al. 1997). In our preliminary experiments,
caged ATP. Rate constantsig=4stlumol™, Ki11=0.15s%,  caged ATP was shown to lower the beat frequency of
Kag=50s, . K21:?l’§1’ Ka=70s,  K31=8000s* and  reactivated flagella, with an estimated inhibition constant of
K41=0.015s* I umol™ were used. A rate constant of 200svas 1 o 1 4 mmoltt (data not shown), and this inhibitory effect of
used forKao, given the increase in the rate of ADP release from . .
dynein in the presence of microtubules. The time course of thcaged ATP could lead to an underestimation of the rate. From

increase in the concentration of photoreleased ATP (Fig. 2) was us,ﬁ&e kinetic analysis of the dynein ATPase pathway, a change

for the calculation. The time courses of the increase in the measury conformation is thought to occur during the dynein-ADP

sliding velocity (taken from Fig. 6) are expressed as half-tone plot$tate (Holzbaur and Johnson, 188However, dynein-ADP-

All the curves are normalized by putting the value=a00ms to 1.0. P is believed to be a state with a conformation different from
that of nucleotide-free dynein (Inaba and Mohri, 1989). Further
detailed physiological investigations are required to determine

dynein is much slower than the rate expected from the highthe exact correlation between the intermediate kinetics and

frequency (>300Hz) nanometre-scale oscillation of flagellaforce generation by dynein.

axonemes observed by Kamimura and Kamiya (1989, 1992), After rapid application of ATP, flagella started to propagate

the mechanism of which has yet to be clarified. the remaining rigor bends towards the tip, as in steady-state

Relative concentration
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beating. This result suggested that the profiles of the active astbkeslet flow-fields (Lighthill, 1996) or boundary element
inactive sites of microtubule sliding in the axoneme weremethods (Ramiat al.1993; Gotcet al.1997) may be required
conserved, even during complete depletion of ATP, and could obtain further insight into the hydrodynamic aspects of
be reinstated during the initial turnover cycle of ATP. Inflagellar bending.

contrast to the rapid reinstatement in rigor-wave axonemes, We used the photolysis of caged ATP to examine the initial
slower transients of reactivation were observed in completelyansients of rapid reactivation and indirectly monitored the
straightened rigor axonemes (Fig. 5A). After the ultravioletincrease in sliding velocity from angular changes in the
pulse, a large principal bend at the distal region and a smalkonemes. This enabled us to detect the minute shear of tubules
reverse bend at the proximal region were formed gradually @elow the level of optical resolution (<200nm) during the
first. These bends were not propagated until the reverse besgrting transients. This technique could be used in
was fully developed at the basal region. During the formatiogombination with nanometre-scale detecting methods
of these bends, tubule slidings of opposite direction wergkamimura, 1987) to examine other simple system of motility

thought to occur concomitantly at the proximal and the distaind to gain greater insight into the chemo-mechanical coupling
regions. A similar starting transient was reported forgf dynein.

straightened live sperm flagella activated by a sudden increase

in extracellular pH (Goldstein, 1979). _ o We express our thanks to Dr S. A. Baba and Dr H. Higuchi
From our data, the velocity of sliding during the initial bendsq \/51yable suggestions and discussions. We also thank to Dr
formation was much slower (approximately 50r&yishan g A Thormnhill for his critical reading of the manuscript. This

that after bend propagation had started (approximately,,. \vas supported by a Grant-in-Aid for Scientific Research
220radsl). This result indicates that the existence Offrom the Ministry of Education of Japan.

remaining bends in the rigor axonemes is important for the
fluent reactivation of tubule sliding after the rapid application

of ATP. A rapid increase in sliding velocity was observed References
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